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ABSTRACT 


Interactions of 560 MeV negative pions with emulsion nuclei have been investigated. We have 
found 4454 stars by area scanning. These yield an interaction mean free path of processes in- 
eluding absorption, charge exchange scattering and inelastic scattering of 28 +2 cm. Moreover we 
have analysed 485 stars in detail. The frequency of stars with charged pions is 33 + 4% where 
‘those with no heavy prong are excluded. The average kinetic energy of pions from stars with 
one negative pion is 176 +20 MeV. A marked correlation exists between the pion energy and the 
angle of emission. Eight events with two charged pions and ten with one positive pion have been 
“found. A rough estimate gives a fraction of events with charged pion production of 7+4%. 


1. Introduction 


The interactions of negative pions in nuclear emulsion with kinetic energies less 
than 1500 MeV have been investigated in a number of experiments [1-14]. Only two 
investigations have been performed in the energy region 300 to 1000 MeV, namely, 
by Blau and Caulton [8] at 500 MeV and by Blau and Oliver [9] at 750 MeV. These 
two experiments gave a number of results that were difficult to explain, for instance, 
the angular and energy distributions of the inelastically scattered pions and the lack 
of correlation between the energy and the angle of emission. 

For this reason it was thought to be desirable to investigate the interactions of 
560 MeV negative pions, which were available in this laboratory. The investigation 
also originated from the desire to have a well-determined relation between the average 
energy of the inelastically scattered pions and the incoming pion energy. This relation 
is needed in the-analysis of antiproton captures in emulsion [15, 16]. 

The diffraction scattering of negative pions at the same energy in emulsion has 
been investigated by Barbaro et al. [17]. 


D4 Experimental procedure 


The negative z-mesons in an early, unseparated antiproton beam were used in 
this experiment. 120 pellicles of Ilford G5 emulsions, 4" 7” x 600 wm, were exposed 
in a manner previously described [18]. The momentum of the incoming particles was 
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: The daenye was tae under 300 times ice ee in the middle r 
; 1.7 em® of emulsion was scanned and at the entrance and far end 1.4 cm’. The 
of interactions found was 1810 (at 1 cm), 1624 (at 6 cm), and 1020 (at 16 cm) 


in the middle region 516 were analysed in detail. —_ 


3. Determination of the mean free path & 


> 


The mean free path of the pions was calculated from the attenuation of the pions 
in the beam. Care was then taken in order to measure in the direction of the beam. 


The angular distribution in the emulsion plane of the primary pions is shown in 
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Fig. 1. The angular distribution in the emulsion plane of the primary pions after a path length of 
1 and 16 cm in the stack. 


Fig. 2a. The horizontal distribution of stars after-a path length of 1 cm. The millimeter grid was 
numbered from 50 to 150 at the front edge. 
Fig. 26. The vertical distribution of stars after a path length of 1 em. 
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interactions are almost entirely due to ~~-mesons and contribution from other. 
particles can be neglected. The total number of pion stars is thus 4454. Of the stars" 
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NO OF STARS 
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| ‘Fig. 3. The attenuation of the pion beam through 
the stack. The least square line is also shown. 50 
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_ Fig. 1. The angles were measured with respect to a printed coordinate grid on the 

_ plates. The diagram shows that the beam direction is a well-defined concept. The 
distributions in the vertical direction are similar. The standard deviation of the distri- 

butions is + 1.3° at the entrance. In the vertical direction the beam is slightly in- 
clined with respect to the emulsion plane. 

The kinetic energy of the pions is 590 MeV at the leading edge and 510 MeV after 
16 cm. We assume that the interaction cross-section is constant in this energy interval. 
Then the number of interactions per unit volume at the three different points will be 

* proportional to the pion flux. 
The number of stars for the point at 1 cm from the leading edge is given in Fig. 2a 
" and 26 for the horizontal (grid coordinate along the front edge of the plate) and verti- 
cal (plate number) directions respectively. 

The figures show that the flux is homogeneous over the measured area. 

The attenuation of the beam through the stack is given in Fig. 3. The number of 
stars per plate and 2 cm? is plotted as a function of the distance in the stack. The 
least square line fitted to the points is also shown. One obtains from the figure an 
interaction mean free path of A =27+2 cm. 

It should be noted that this determination of the mean free path is not affected by 
scanning bias, provided that the scanners record the same type of events at the dif- 
ferent positions and provided that the appearance of the stars does not change with 
energy in the region 510-590 MeV. The mean free paths obtained by different scan- 
ners agree extremely well. The change of the percentage of stars with zero or one 
black prong, which are the stars likely to be missed, is negligible in the energy 
interval. Our determination of the mean free path is further independent of the conta- 
mination of muons and electrons in the beam. 

Another factor which could influence the measurement is multiple Coulomb 
scattering. A formula derived by Fermi [19] gives that a Dirac 6-distribution of the 
actual pion energy will be Gaussian with a standard deviation of 4 mm after 15 cm 
in emulsion. If we leave out stars situated less than 4 mm from any side of the 
measured area facing the beam, we get A= 28+ 3 cm, which is in good agreement 
with the value above. This shows that there are no edge effects arising from inhomo- 
geneities in the flux outside the measured area. ; 

The measured attenuation of the beam is due to interactions of the following 


wl 


seen to be higher than minimum. ‘ 

The events in group (iv) are not well defined. The pick-up criterion with plane or 
dip angle of the incoming track required to be < 10° means that all events originally 
in the beam direction and which have heen scattered an angle > 14° are definitely 
excluded. Part of the elastic events with space angle 10° to 14° will be recorded. 
From Barbaro et al. [17] we find that the mean free path for elastic scattering more 
than 10° is about 4.6 meters. If we eliminate the influence of elastic scattering, we 
conclude that the mean free path of interactions belonging to groups (i)-(ili) is 
28+ 2 cm. 


4, Measurements on the emitted particles 


4.1 Identification of the tracks | 


Of the 1624 stars in the middle part of the stack 516 have been analysed in detail. 
Those situated less than 30 wm (unprocessed emulsion) from either surface or glass 
had a lower charged pion multiplicity (0.22) than the rest of the stars (0.30). This 
effect is to be expected, owing to experimental loss of tracks with low ionization near 
surface or glass. Therefore only stars situated more than 30 wm from either surface or 
glass are included in the following analysis. This number of stars is 485. 

The secondary tracks were divided into two groups with relative ionization g/g) = 
1.4 and g/g) < 1.4 respectively, where gy is the ionization of the pions in the beam. 
The first group contains tracks with g/g) > 1.4 corresponding to energies of less 
than 70 MeV (pions) or less than 450 MeV (protons). Prongs shorter than 5 wm are 
not included in the heavy prong statistics. All tracks with g/g, >1.4 (2297) were 
followed until the particles were brought to rest in the stack (96.2 %), left the stack 
. 2) or interacted in flight (1.3 %). The identification of these particles is given in 

able 1. 


VK 


Table 1. The identification of secondary particles with g/g, > 1.4. 


Total number of prongs 


Particles 
identified as stopping in leaving interacting 5 
the stack the stack in flight 
‘protons’ 2154 56 26 
7t-mesons 55 2 + 


The masses of the particles which came to rest were in most cases easily obtained 
from grain density and/or multiple scattering measurements. All tracks with range 
less than 1 cm which by appearance (decay, interaction, scattering) did not appear 
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Fig. 4. The experimental heavy prong distributions from the pion stars. 


‘to be due to pions were assumed to be due to ‘protons’. The ‘protons’ in Table 1 
include ail charged particles heavier than the pion. 

The number of particles leaving the stack was 58. The mean range followed per 
track was 52 mm and no particle left the stack with an observed range less than 
30 mm. It was therefore no difficulty to distinguish between pions and protons. 

The identity of the 30 particles which interacted in flight was established by a 
suitable combination of range, grain density, and multiple scattering measurements. 
In most cases the identification is beyond any doubt. 

In the second ionization group with g/g) < 1.4 there are 92 tracks. Careful mass 
determinations by a combination of grain density and multiple scattering measure- 
ments have been performed on about half of this number of tracks. All measured 
tracks were consistent with pion tracks. All tracks in this group are therefore taken 
as pions. 

In the following some auxiliary consistency checks are discussed. The percentage 
of z, (stars at rest without secondary charged particles) among the stopping 2-- 
mesons is 21 +7% which is in good agreement with other experiments [20, 21]. 
In a pion track length of 1.25 m, four interactions in flight were found. This is also 
reasonable if one assumes a geometrical mean free path. Further, about 14 m of 
proton tracks have been followed, in which 26 interactions were found, i.e. the mean 
free path is 53 + 10 cm. In the antiproton experiment [16] the energy spectrum of 
the heavy prongs was about the same (Fig. 5) as in this pion experiment. There a 
mean free path of 49 +9 cm was obtained. The good agreement confirms that the 
particle identification in this experiment is essentially correct. 

Furthermore, by kinematic considerations, a proton can only reach a maximum 
energy of about 510 MeV (assuming a Fermi energy of the nucleon of 33 MeV). The 
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The heavy prong distributions in stars with a different number of ae 
mesons are given in Fig. 4. The average number of heavy prongs, <N,>, is for stars 
without charged pion 4.88 + 0.13, for stars with one charged pion 4.07 + 0.17, and 
for stars with two charged pions 2.38 + 0.26, combined 4.61 + 0.10. 

The energies of the heavy prongs have been determined in most cases et the 
range, in the remaining cases by means of ionization measurements. The energies 
have been obtained by assuming that the tracks are due to protons. This does not, 
however, appreciably influence the total average energy per star given to the evapora- 
tion prongs. 

The number of heavy prongs per star and MeV as a function of the kinetic energy 
of the particle is shown in Fig. 5. The mean kinetic energy in charged heavy prongs — 
per star <X7',> is 132 MeV. (No binding energy is included.) The corresponding 
distribution for antiproton stars [16] with <x 7,5 = 147 MeV is also shown in the 
figure. Use has already been made of the close similarity of the two distributions in 
the discussion in section 4.1. 
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Fig. 5. The number of heavy prongs per star and MeV from pion stars (dots) and antiproton stars 
(triangles) as a function of the kinetic energy of the particle. 


Fig. 6. The energy distribution of protons with kinetic energy above 60 MeV. 
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Fig. 7. The distributions of the visible energy seen in heavy prongs per star. 


Fig. 8. The percentage of stars with charged pions as a function of the emitted number of charged 
: heavy particles. 


- The high energy part, above 60 MeV, of the distribution in Fig. 5 is shown in 
Fig. 6. This does not agree with the spectrum measured by Blau and Caulton at 
‘500 MeV [8]. They find that about 8 % of the protons with 7’, above 60 MeV have 7, 
above 280 MeV. We have one case out of 325. 

The distributions of the visible energy in heavy prongs per star are shown in Fig. 7. 
The mean values, <2 #,>, are, for stars with no charged pion 183 + 19 MeV, for stars 
with one charged pion 138 + 25 MeV, and for stars with two charged pions 98 + 56 
MeV. A binding energy of 8 MeV is included. 

We will now discuss the heavy prong distributions (Fig. 4) somewhat more. These 
distributions are certainly biassed. Stars with no heavy prong and a number of stars 
with one heavy prong will be overlooked in area scanning. An unbiassed heavy prong 
distribution from antiproton stars is given in reference [16], where <N,> =4.51. 
This is about the same as <N,,> in the present experiment. We will make use of the 
fact that the number of one- and two-prong stars is about the same in the antiproton 
case, to infer that it should be the same even in the present case. This means that 
the number of one heavy prong stars should be corrected by about 50%. Blau and 
Caulton [8] have’investigated the scanning efficiency of finding one heavy prong star 
and have obtained the value 50 + 10 %. 

We will not try to estimate the number of stars with zero black prongs because of 


the large uncertainties. 


4.3 Frequencies of charged pions 


In Table 2 the stars are divided into phenomenological groups according to the 
observed number of pions and their charges. 
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From the table we find that 30 + 3 % of the stars have one or two secondary charged 


pions. This figure is, however, slightly biassed, which is seen from the following facts. 


_ (i) We know from an earlier experiment [16] under identical conditions that the 
scanning efficiency of finding tracks with g/g) < 1.4 is about 90 % when the stars have 
been looked upon once in order to decide if there is a track of low ionization or not. 
92 such z-mesons have been seen so we can estimate having missed about 10. 

(ii) The type of stars picked up by area scanning is biassed. All stars with no black 
prong and a number of stars with one black prong will be overlooked. The effect of 
this bias can be seen in Fig. 8. The percentage of stars with charged pions is plotted 
against the number of heavy prongs in the star. Stars with few heavy prongs contain 
relatively more charged pions. 

We assume that there is no bias in picking up stars with N, >2 and that the 
number of one-prong stars should be corrected by 50 % (section 4.2). 

We can now by means of (i) and (ii) deduce a corrected percentage of stars with 
charged pions of 33 + 4%. 

This figure is very insensitive to the correction for one-prong stars. 

Only a large fraction of zero heavy prong stars could raise this fraction appreciably. 
That the fraction of stars with no heavy prong is large is indicated by the heavy prong 
distribution of antiproton stars [16] and by z-meson experiments at 750 MeV [9]. 
If we assume the fraction of zero prong stars to be 20 %, the percentage of stars with 
charged pions will be 36. 

The results of different emulsion experiments [1-11] and a Monte Carlo calculation 
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for Ru! by Metropolis e¢ al. [22], as regards the percentage of stars with charged — 


pions, is shown in Fig. 9. Our result fits, within the errors, into the picture. 


5. Analysis of stars with one negative secondary pion 
5.1 Angular distribution 
It will be assumed that the pion interacts with one or two nucleons in the primary 
process in the nucleus. The following one-nucleon processes with emission of one or 


two pions are possible, 
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Fig. 9. Fraction of stars with charged secondary pions as a function of the kinetic energy of the 
' : j incident pion. 


Fig. 10. Angular distribution of pions from stars with one negative pion. 
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Pion production will be treated in section 7. It constitutes only a small fraction of 
the total number of reactions. Stars with one z+ arise from the process (d) or from 
charge exchange of a secondary neutral pion: 2° + p>a* +n. The energy distribu- 
tion of the positive pions (Table 4) drops sharply above 50 MeV. It is almost un- 
biassed up to 70 MeV, as only two pions with kinetic energy less than this limit leave 
the stack (Table 1). We therefore think that most of the positive pions have been 
identified. Of the events in Table 2, the stars with one at (88) and one z~ (39) are 
thus mainly due to the reactions (a) and (f). The contamination of events with pion 
‘production and charge exchange scattering twice can be neglected. 
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. The mor angular distribution 
expected if one assumes that the events represent ¢ e pic 
scattered twice or more inside the nucleus. > & . ioe IS 
In order to get a correct angular distribution one has to take into account the 
scanning efficiency for high energy pions (90 %) and the missed stars with one heavy 
prong (50%). There are 10 stars with one heavy prong and one negative pion. These 
pions have been taken twice in the corrected distribution. No correction has been 
made for stars with no black prong since the estimate of this number is very uncertain. 
The resulting angular distribution is given in Fig. 11. * 

The forward to backward ratio is 2.14 + 0.20 (uncorrected 1.95) in our case. It 
should be compared with the earlier results 1.2 at 500 MeV [8] and 1.7 at 750 MeV [9]. 
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5.2 Energy distribution 


The kinetic energy of all pions with 7’, less than 70 MeV is known from range or 
ionization measurements. For pions with 7’, above 70 MeV the energy has been deter- 
mined by multiple scattering measurements in about half of the cases (cross-hatched 
events). The scattering measurements were performed over 6 mm for each track 
and both second and third differences were calculated. The distortion was very small 
in the stack. The error in each energy determination is about + 15%. 

We find a marked relation between the energy and the angle of emission. The 
data are given in Table 3. 


Table 3. The kinetic energy of pions for different space-angle intervals. 


Pions with g/g) < 1.4 


All pions 
cos ote 
interval Number of Average kinetic eee 
pions measured | energy (MeV) enerey (avi 
+1.0++0.8 16 298 + 32 252 + 32 
+ 0.8 + 0.4 12 248447 200+ 40 
+0410 15 179 + 23 121418 


Belovitskii [7] has found the same effect for negative pion stars at 300 MeV, 
whereas Blau and Caulton [8] find only a slight correlation at 500 MeV. The correla- — 
tion can be expected because of the movement of the center-of-momentum. 

In order to get an unbiassed energy distribution of the pions we have proceeded 
in the following way. 

(i) The pions whose energies have not been measured are assumed to have the 
same energy distribution as the measured pions in the same space angle interval. 

(ii) The high energy part of the spectrum 7’, >70 MeV has been enlarged by a 
factor 1/0.9 arising from the detection efficiency for high energy pions. 

(ii) The scanning bias for stars with one black prong (50 %) has been taken into 
account as explained in the preceding section. 
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rc tal angular disteiraticn, of pions from stars with one . pion corrected for scan- 
Saeech losses of minimum tracks and one-heavy-prong stars. 


of pions from stars with one negative pion. 


pions in Fig. 10a and b, will Chen give the corrected energy ects (Fig. 
). The raat at 350-400 MeV is not significant, since it is based only on seven meas- 


| ‘The average kinetic energy of the ectohdary, pions is 176 + 20 MeV. This result is 
prc pie a Shy limit, since we have excluded stars with no heavy prongs and these 
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Fig. 13. The average kinetic energy (T)) 
of inelastically scattered negative pions as 
a function of the kinetic energy (Tx) of 
oe incident pion. 0 
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ries, are collected in Fig. 13. Metropolis et al. [21] have by the Monte Carlo method 


investigated the interaction of 465 MeV z-mesons with Ru. Their result is also | 
given in the figure. Our result again disagrees with that obtained by Blau and Caulton — 


at 500 MeV. Even if we include the ten events with a positive pion the average energy 
only decreases by 10 MeV. 


=~ 6. Energy balance 


The total pion energy in this experiment is 700 MeV. By means of the results of 
Metropolis et al. [22] on the cascade process and some plausible assumptions about the 


evaporation process [15], one can estimate that the energy taken away by neutrons ~ 


is 1.75 + 0.30 times the energy of the protons. 

If we add the total energies going into charged pions and nucleons, we find for 
stars with no charged pion 500 + 75 MeV, one charged pion 690 + 80 MeV, and two 
charged pions 675 + 150 MeV. The total energy is thus in the main accounted for. 


In the stars with no charged pion there is a missing energy of 200 + 75 MeV. The © 


missing energy is accounted for by (i) neutral pions, (ii) absorption of a z— by a pro- 
ton—neutron pair in which case two fast neutrons are emitted. The factor 1.75 is 
then probably too low in these stars. 


7. Pion production 


The events with two charged pions arising from pion production and the events 
with one positive pion representing possible pion production are listed in Table 4. 
The kinetic energy, space angle with respect to the primary pion and terminal 
behaviour of the pions are given. We first notice the energy distribution of the 
z+-mesons which drops sharply above 50 MeV. This makes it very likely, as has been 
pointed out before, that the z+ energy distribution is fairly unbiassed. 

If we restrict ourselves to pion production in one-nucleon reactions the possible 
types of reactions are given by the relations (c), (d), (e), (g) and (A) (section 5.1). 
We choose to investigate production of one charged pion, i.e. 


To PSF a Tee (A) 

wo >I + ee (B) 

Introduce N 4 = the primary number of events of type A, Nz = the primary number 
of events of type B, N, = the observed number of events with z+ and 2-, N, =the 


observed number of events with 2+, N_ =the observed number of events with two. 
a. Assume further that the absorption probability of a secondary pion is e. Then 


yee 
l=¢ 
N. 
Fie Loess 
pelea 
and e= NV. 
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_ Among the events with one positive pion, we estimate that the number which 
irises from double charge-exchange scattering is of the same order as the number 
which comes from pion production. It is assumed that the scattering proceeds through 
the isospin 7’ = 3/2 channel in this estimate. Of the five events with z- and z+, two 
are taken as (x- 2~) and three as (x 2*). With N, =5 (half of the total number), 
i. =65 and N_=3, we find N= N, +N, =32+ 20. Thus the percentage of events 
with charged pion production is 7+4%. 
a 8. Conclusions 
_ The results of the present experiment can be summarized as follows. 

_ (i) The total mean free path of 560 MeV negative pions in G5 emulsion is 2 = 28 + 
2em. Absorption, charge exchange and inelastic scattering of the primary pion are 
included in this mean free path. 

_ (ii) The frequency of stars with charged pions is 33 -+4%. Stars with no heavy 
prong are excluded in this estimate. 
_ (iii) The angular distribution of the pions from the events with one negative pion 
is strongly peaked forward. The forward to backward ratio is 2.14 + 0.20. 

(iv) The average energy of pions from stars with one negative pion is 176 + 20 MeV. 
(v) A marked correlation exists between the pion energy and the angle of emission. 
(vi) The total pion energy of 700 MeV is well accounted for by adding to the visible 

nergy the energy taken up by neutrons and neutral pions. 
' (vii) A rough estimate gives a fraction of events with charged pion production of 
P+ 4%. 
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